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Antimicrobial photodynamic therapy (aPDT) has become a popular technology for the treatment of
bacterial infections. The development of antimicrobial agents combining diagnosis and treatment
remains a major challenge. Herein, curcumin carbon quantum dots (Cur-NRCQDs) with antibacterial
and imaging effects were synthesized using a hydrothermal method. The fluorescence absorption range
of the Cur-NRCQDs in aqueous solution was 555 to 850 nm, showing orange-red to near infrared (NIR)
fluorescence, and its maximum emission wavelength was 635 nm. At the same time, Cur-NRCQDs
improved the efficiency of Cur as the photosensitizer (PS), showed good storage and light stability, and
enhanced the efficiency of reactive oxygen (ROS) generation and antibacterial activity. Under the
irradiation of a xenon lamp, Cur-NRCQDs inactivated 100% Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) at concentrations of 10 and 15 uM, respectively. The possible reason for this was
that under PDT, the ROS produced by the Cur-NRCQDs destroyed the integrity of the cell membrane,
resulting in leakage of the contents. In addition, the Cur-NRCQDs showed good cell compatibility, as
they can also enter bacteria and cells for imaging, so they can be employed for the detection of bacteria
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1. Introduction

The problem of bacterial infection has always threatened the
healthy development of human beings. The abuse of anti-
biotics' has led to drug resistant bacteria, and the special
structure of bacterial biofilm®? increases the difficulty of clinical
anti-infective treatments. Methods for detecting bacteria include
bacterial culture, biochemical identification, immunoassay and
polymerase chain reaction (PCR), but they usually require complex
operation and are time-consuming, which may result in more
serious infection due to a lack of timely treatment. A promising
strategy is to develop antibacterial agents with rapid and sensitive
diagnosis and treatment of infection. Photodynamic antimicrobial
therapy (aPDT) is a promising new treatment for bacterial
infection, which uses a light source with a specific wavelength
to stimulate photosensitizer molecules to produce highly cyto-
toxic reactive oxygen species (ROS) to oxidize and destroy
biological macromolecules such as phospholipids, enzymes,
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proteins and DNA,* resulting in the effective inactivation of
pathogenic microorganisms. Two main antibacterial mechan-
isms have been reported for aPDT: (i) damage to the cell wall or
cell membrane,” which in turn leads to leakage of the cell
contents or causes a loss of membrane transport function and
inactivation of enzymes;® (ii) direct DNA damage, including
single- and double-stranded DNA.” For example, imidazolyl
porphyrins can inactivate bacteria in biofilms at low concentra-
tions and low light doses.® The combination of chitosan and
tetracycline with a photodynamic antibacterial effect destroyed
the integrity of cell membranes and damaged DNA.’

Carbon quantum dots (CQDs) are new sphere-like carbon
nanomaterials prepared under certain conditions using carbon
isomers or organic compounds as precursors,'® with sizes
below 10 nm."" Compared with traditional photoluminescent (PL)
materials, CQDs are widely used in bioimaging, biomarking,
nano-optics, optoelectronic devices, chemical sensors and
other fields'®'” because of their excellent optical properties,
good water solubility, high stability, good dispersion, good
biocompatibility and low toxicity.">"® Depending on the car-
bon source, its preparation methods can generally be divided
into top-down and bottom-up synthesis methods, including arc
discharge, electrochemical synthesis, chemical oxidation, com-
bustion, hydrothermal synthesis and a microwave synthesis
method,'® among which the hydrothermal method is one of the
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most commonly used methods due to its simplicity and rapidity,
low preparation costs and green environment. The luminescent
properties of CQDs can be regulated by changing the synthesis
method or raw materials, such as adjusting the fluorescence
intensity of CQDs'® and the emission wavelength of CQDs.>°
Due to the advantages of long wavelength emission and good
tissue penetration depth, red CQDs can make light penetrate
into deeper tissues. Moreover, they have low cytotoxicity, slight
biological tissue light damage,** > high sensitivity and direct
visualization,** which helps to improve the efficiency of disease
detection.””?® Meng Y et al.”’ prepared red-emitting multi-
functional CQDs with good water dispersion and excellent
fluorescence stability, exhibiting low cytotoxicity and fluores-
cence imaging. CQDs with NIR fluorescence have also shown
an ability for imaging various biological samples in vitro and
in vivo.”®

Curcumin (Cur) is a natural polyphenol derived from the
rhizome of the ginger plant turmeric. It is commonly used
as a meat colorant and acid-base indicator, and has pharma-
cological effects such as antibacterial, anti-inflammatory, anti-
oxidant, antiviral, hypolipidemic, anti-atherosclerotic and
antitumor activity.”** Cur is a natural photosensitizer with
the characteristics of safety, effectiveness and environmental
protection. ROS species produced by Cur-mediated PDT have a
strong inactivation effect on pathogenic microorganisms,
including Gram-positive bacteria and Gram-negative bacteria,
as they inactivate bacteria by targeting bacterial cell membranes,
cell walls, proteins, DNA and other cellular structures.>>>° For
example, singlet oxygen ('0,) produced by Cur-mediated PDT
can inhibit biofilm formation of Pseudomonas aeruginosa.*® *0O,
produced by Cur under near-infrared (NIR) irradiation was
also found to be effective in eradicating methicillin-resistant
Staphylococcus aureus (MRSA) from deep joint infections.*!
In recent years, the incorporation of Cur into carriers or other
drugs to enhance antimicrobial properties has been sought, such
as graphene-Cur,** PDA-Cur,* biomolecular chitosan, curcumin
and ZnO-based antimicrobial nanomaterials** and curcumin
solid dispersion hydrogels.*> However, very few articles have been
published about the incorporation of Cur into CQDs as
carriers,**™° and research on the antibacterial effect of Cur-
CQD composites has not been reported. Cur-CQDs may have
potential as PDT antibacterial agents in consideration of the
unique properties of Cur and CQDs. As a result, fluorescent
CQDs with green fluorescence have recently been synthesized
by our group and employed as carriers for the delivery of Cur to
obtain composites using a two-step method, which could
simultaneously generate ROS and a moderate temperature
rise, triggering synergistic antibacterial effects against both
Gram-positive and Gram-negative bacteria.’® In this study, we
prepared Cur-NRCQDs with orange-red to NIR fluorescence
from citric acid (CA), neutral red (NR) and Cur, using a one-
step hydrothermal synthesis method to simplify the preparation
procedures. Compared with Cur-CDs with green fluorescence
emission, the red fluorescence of Cur-NRCQDs made them more
suitable for the detection of bacteria and cells, as the blue, green
or yellow CQDs are harmful to biological systems or living cells
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due to their short wavelength excitation.”® Moreover, the in situ,
real-time and dynamic analysis of biomarkers in living cells is
vulnerable to the interference of cell endogenous fluorescence,
and when using short-wavelength CQDs it is difficult to ensure
the high accuracy and sensitivity of detection and is not conducive
to biological applications. Therefore, the characteristics of red-
emitting Cur-NRCQDs with a long wavelength can play a promi-
nent role in biological imaging. The Cur-NRCQDs also showed
lower cytotoxicity than Cur-CDs, indicating that Cur-NRCQDs had
less light damage.

The synthesized Cur-NRCQDs were characterized using
transmission electron microscopy (TEM), ultraviolet-visible
(UV-vis) spectrophotometry and infrared (IR) spectroscopy,
and their optical properties were explored using fluorescence
spectroscopy. The storage and light stability of Cur-NRCQDs in
aqueous solution were investigated. Cur-NRCQDs can produce
a high amount of ROS, indicating their antibacterial properties
in PDT therapy. The antibacterial activity was evaluated by plate
counting, scanning electron microscopy (SEM), viable bacteria
staining and a ROS generation test in bacteria. In addition, the
cytocompatibility of Cur-NRCQDs was evaluated and success-
fully applied to bacterial and cell imaging. Therefore, this study
will help to develop new materials for the diagnosis and
treatment of infection.

2. Materials and methods
2.1. Main materials

Cur was purchased from Aladdin reagent Co., Ltd (Shanghali,
China). CA and NR were bought from Macklin Biochemical Co.,
Ltd (Shanghai, China). Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) were obtained from Luwei Technology
Co., Ltd (Shanghai, China). Cell counting kit-8 (CCK-8) was
obtained from Shanghai Saint-Bio Biotechnology Co., Ltd.

2.2. Hydrothermal preparation of NRCQDs

The chemicals used in the synthesis of NRCQDs were all
analytically pure. 3 g of CA and 4.2 mg of NR were added to
10 mL of pure water, stirred and sonicated until completely
dissolved, then poured into an autoclave lined with polytetra-
fluoroethylene and heated continuously at 200 °C in a blast
oven for 4 hours. After cooling to room temperature, a violet-
black liquid was obtained. The upper clear layer was filtered
through a 0.22 pm microporous membrane and poured into a
1000 MW dialysis bag in ultrapure water for 24 h. A violet liquid
was obtained, which emitted orange-red fluorescence under the
irradiation of a 405 nm laser lamp, then freeze-dried to obtain
NRCQDs for standby.

2.3. Hydrothermal preparation of Cur-NRCQDs

3 g of CA, 4.2 mg of NR and 10 mg of Cur were added to 10 mL
of anhydrous ethanol, stirred and sonicated until completely
dissolved, then poured into an autoclave lined with polytetra-
fluoroethylene and heated continuously at 200 °C for 4 hours in
a blast oven. After cooling to room temperature, a brownish-red
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liquid was obtained. The upper clear liquid was filtered through a
0.22 pm microporous membrane and poured into a 1000 MW
dialysis bag in ultrapure water for 24 hours to obtain an orange-
red liquid, which emitted orange-red fluorescence under the
irradiation of a 405 nm laser lamp. Cur-NRCQDs were obtained
by concentrating and freezing.

2.4. Characterisation of Cur-NRCQDs

The size and morphology of NRCQDs and Cur-NRCQDs in aqu-
eous solution were determined by TEM. And the UV-vis absorp-
tion spectra of NRCQDs, Cur and Cur-NRCQDs were obtained
with a UV-5200 PC spectrophotometer. IR from 4000-500 cm ™'
were obtained using a NICOLET-iS10 infrared spectrometer and
the fluorescence intensity emitted from the samples was mea-
sured using a fluorescence spectrometer (RF6000). Elemental
analysis (EA) was performed using a Vario EL cube elemental
analyser. NRCQDs and Cur-NRCQDs were well characterized by
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

2.5. Stability studies

The stability of NRCQDs, Cur and Cur-NRCQDs in pure water
was tested. The samples were kept in the dark at room
temperature for one week and then the spectra were scanned
using a UV-vis spectrophotometer. The stability of the aqueous
solutions of the samples was also examined under the light of a
xenon lamp (50 W).

2.6. Determination of 0,

1,3-Diphenylbenzofuran (DPBF, 5 x 10~* mol L") and the
sample solution were fully mixed, and then irradiated with a
405 nm laser. The absorption peak at 416 nm was measured
using a UV-spectrophotometer for different irradiation times.
In addition, the electron spin resonance (ESR) measurement
was performed to confirm the type of free radical. 'O, was
detected by 2,2,6,6-tetramethylpiperidine (TEMP); the sample
was dispersed into the spin trapping agent TEMP. The sample
was measured after xenon light irradiation (400-450 nm) for
20 min using an ESR spectrometer.

2.7. Measurement of antimicrobial activity

S. aureus and E. coli were introduced into the lysate medium
respectively and incubated at 37 °C in a shaker. After overnight
cultures, S. aureus or E. coli were diluted to ODgo = 0.5, and Cur
and Cur-NRCQDs were prepared in 0.9% NaCl solution to
the desired concentration, respectively. The concentration of
Cur-NRCQDs was quantified by measuring the concentration of
Cur in the Cur-NRCQDs. The bacterial suspension was mixed
with different concentrations of Cur or Cur-NRCQDs solutions,
and then diluted 10® times with nutrient broth after xenon light
irradiation. The diluted bacterial solution was spread on an
agar plate and the number of bacterial colonies was counted
after incubation at 37 °C for 24 h.

2.8. SEM observation of bacterial morphology

To investigate whether the bacteria were damaged, changes in
surface morphology were observed using SEM. The sample

1252 | J Mater. Chem. B, 2022, 10, 1250-1264

View Article Online

Paper

solution and S. aureus (E. coli) suspension were mixed 1:1 by
volume and subjected to xenon light for 10 min. The S. aureus
(E. coli) was washed twice with 0.9% NaCl solution, and fixed
with 2.5% glutaraldehyde for 4 h to preserve its original shape.
After gradient dehydration with 30-100% ethanol, the bacteria
were deposited on a coverslip for SEM examination.

2.9. Double staining of live dead bacteria

The bacterial suspension was mixed with different concentra-
tions of Cur-NRCQDs solution, incubated for 30 min at 37 °C in
a shaker and then illuminated with xenon light for 10 min.
10 pg mL™' of 4',6-diamidino-2-phenylindole (DAPI) and
50 pg mL~" of propidium iodide (PI) dyed for 15 min, added
dropwise onto a slide and placed under an inverted fluorescent
microscope to observe the fluorescence image of the bacteria.

2.10. Testing for ROS in bacteria

In order to verify the production of ROS in bacteria, the
fluorescent probe 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) was applied for measurement. The bacterial
solution was incubated with the drug solution, illuminated
with a xenon lamp for 10 min, and then DCFH-DA solution
(1 uM) was added stained in the dark for 30 min. Finally, green
fluorescence was detected using an inverted fluorescence
microscope.

2.11. Determination of biofilm biomass by CV assay

The inhibitory activities of Cur-NRCQDs toward S. aureus and
E. coli bacterial biofilm formation were preliminarily assessed.
The fresh bacterial cells (200 pL, 10° CFU mL™") were placed in
a 96-well plate and cultured at 37 °C for 72 hours. The bacterial
biofilm was treated with (a) PBS, (b) Cur-NRCQDs, (c) PBS +
laser, and (d) Cur-NRCQDs + laser, respectively. After 6 hours,
the bacterial biofilms were fixed with 2.5% glutaraldehyde for
20 min. Then Crystal Violet (CV) assay solution (0.1%, 150 pL)
was added to stain the biofilm for 30 min. Subsequently, the
biofilm was washed with sterile PBS twice and 95% ethanol
(200 pL) was added to each well. The optical density at 590 nm
was obtained by a microplate reader.

2.12. Cytotoxicity testing

The cytotoxicity of Cur-NRCQDs was assessed using the CCK-8
assay. Human normal hepatocytes (L02) and hamster lung
cells (CHL) were cultured into 96-well plates with a density of
5 x 10" cells per well and incubated for 24 h. Different
concentrations of Cur-NRCQDs solution (0.1, 0.5, 1, 5, 10 and
15 pM) were prepared, and 200 pL of the solution was added to
each well and incubated for 24 hours. The cell was washed
twice with PBS, and then 100 pL of 5% CCK-8 was added and
the samples were incubated for 3 h. The absorbance at 490 nm
was measured by an enzyme marker (BioTek Instruments,
Inc, USA).

2.13. Cell imaging studies

The application of Cur-NRCQDs emitting orange-red to NIR
fluorescence in biological imaging was investigated. L02 cells

This journal is © The Royal Society of Chemistry 2022
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and CHL cells were cultured into 6-well culture plates and
incubated in 5% CO, at 37 °C for 24 hours. After rinsing the cells
with PBS twice, the cells were incubated with 1 mL of Cur-
NRCQDs solution (10 uM) for 24 h. The cells were then washed
with PBS to remove the remaining solution and the fluorescence
images of the cells were recorded using an inverted fluorescence
microscope.

3. Results and discussion
3.1. Composite of Cur-NRCQDs

The shape of the NRCQDs was approximately spherical
(Fig. 1a), with good dispersion and uniform size, and the
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particle size was approximately 2 nm. Cur-NRCQDs had aggre-
gation in water (Fig. 1b), which might be caused by the
hydrophobicity of Cur. Furthermore, the particle size of
Cur-NRCQDs was measured by the nanoparticle size meter.
Cur-NRCQDs in ethanol solution showed a narrow size distri-
bution from 0.1 to 24.34 nm with the average around 3.83 nm
(Fig. 1c). Although 77% of Cur-NRCQDs were between 0.1 and
4 nm, some of them were more than 10 nm, indicating that
aggregation still existed. As expected, the UV-vis spectra of the
NRCQDs solution showed significant absorption peaks at
535 nm and 273 nm (Fig. 1d), which could be attributed to
the n-n* leap of the C—O-containing unsaturated group
and the n-n* leap of the benzene ring. The 535 nm absorption
peak of Cur-NRCQDs and NRCQDs solutions were from NR
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molecules. The UV-vis spectra of Cur-NRCQDs showed the
absorption peaks of both NRCQDs and Cur. The XRD pattern
of NRCQDs and Cur-NRCQDs were shown in Fig. 1le; the
diffraction peaks of NRCQDs indicated that NRCQDs were
formed by organic dots, resulting in high crystallinity.”* Com-
pared with NRCQDs, the diffraction peaks of Cur-NRCQDs
showed a broad diffraction peak (20) at 22.76°, which was
consistent with the (001) lattice spacing of graphitic-like
carbon-based materials, indicating that Cur-NRCQDs existed
in an amorphous state, leading to higher activity.
Furthermore, the doping contents of C, H, O and N in
NRCQDs and Cur-NRCQDs were quantitatively evaluated by
EA. As displayed in Table S1 (ESIT), the EA results of NRCQDs
were determined to be C%: 37.395%; H%: 4.348%; 0%:
57.041%; and N%: 0.32%, whereas Cur-NRCQDs contained
more N and C than NRCQDs. In the IR spectrum (Fig. 1f),
the peaks around 3500, 1750 and 1180 cm™ " of NRCQDs were
consistent with O-H, C=0 and C-O-C stretching vibrations.>®
The peak at 3290 cm™* represented the stretching vibration of
N-H and a peak at 1430 cm ™! indicated the presence of C-N
bonds.’ The characteristic peak of Cur at 3520 cm ™" was due
to the stretching vibration of phenol-OH, and the peaks
at 1630 cm ™', 1510 cm™ " and 1280 cm ' corresponded to
the absorption peaks of C=C, ketone group and C-O,
respectively.>>*® Compared to NRCQDs and Cur, the Cur-
NRCQDs formed a broad peak at around 3510 cm™ ", which
might be caused by the formation of intermolecular hydrogen
bonds by the multimerization of O-H. There was also wide
absorption in the range of 1480-1070 cm ™', probably due to the
coupling of C=0 stretching vibrations with other groups. The
above results showed that Cur had been successfully doped in
NRCQDs. XPS analysis was used to confirm the elemental

o
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composition and chemical valence state of Cur-NRCQDs. The
XPS spectrum (Fig. 2a) showed three peaks of NRCQDs at 248.8,
532.8 and 400.8 eV, which were attributed to the signals of C 1s,
O 1s and N 1s, respectively. The high-resolution C 1s spectrum
(Fig. 2b) showed three obvious peaks located at 284.8, 286.4 and
289.1 eV, which correspond to C-C/C—C, C-O/C-N and C=0
bonds, respectively.”” The O 1s spectrum (Fig. 2¢) could be
divided into three components at 532.6, 532.8 and 533.6 €V,
associated with C-0, C=0 and C-OH bands, respectively.’”>
The N 1s spectrum peaks at 398.98 and 401.5 eV in Fig. 2d
indicated that the N mainly existed in the manner of C-N and
C=N/N-H bonds.”® Three peaks at 284.8, 532.8 and 398.8 eV
can be observed in the XPS spectrum of Cur-NRCQDs (Fig. 2e),
which are attributed to the signals of C 1s, O 1s and N 1s,
respectively. The high-resolution C 1s XPS spectrum in Fig. 2f
could be fitted into three Gaussians centered at 284.8, 285.4
and 289.0 eV, which correspond to the C-C/C—C, C-O/C-N and
C—O0 bands, respectively. As shown in the high-resolution O 1s
XPS spectrum (Fig. 2g), three fitted Gaussians appeared at
532.5, 532.8 and 533.0 eV, which were ascribed to C-O, C—0
and C-OH/C-O-C bands, respectively. In addition, it could
be fitted into three Gaussians centered at 398.9, 400.4 and
401.2 eV, which correspond to C-N, N-H and C—=N bonds,
respectively (Fig. 2h). In conclusion, N has been successfully
doped in NRCQDs and Cur-NRCQDs, and Cur-NRCQDs
with representative structures and functional groups have been
successfully synthesized.

3.2. Optical properties of Cur-NRCQDs

The fluorescence emission intensity of NRCQDs, Cur and
Cur-NRCQDs solutions at different excitation wavelengths was
investigated. As shown in Fig. 3a and c, the fluorescence
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intensity of the samples depended on the fluorescence emission.
The maximum value of the emission wavelength of NRCQDs and
Cur-NRCQDs solutions was located at 635 nm, and the optimal
excitation wavelength was 540 nm. Increasing the excitation
wavelength from 550 nm to 700 nm, the position of the emission
wavelength remained basically the same, which proved the high
purity of the NRCQDs and Cur-NRCQDs.®® NRCQDs and Cur-
NRCQDs had fluorescence intensity at emission wavelengths from
555 to 850 nm with optimal excitation at 540 nm, covering the
orange-red to NIR region of emission, which was attributed to the
fluorescence emission of NR. They were highly efficient photo-
sensitizers for PDT applications, which could also have great
potential for optoelectronic devices and bioimaging. Cur-
NRCQDs showed bright red under irradiation with a 405 nm laser
light fluorescence (Fig. 3c).

Further experiments were carried out to verify whether
Cur-NRCQDs can detect bacteria. After S. aureus or E. coli were
incubated with Cur-NRCQDs at 37 °C for 2 h, the fluorescence
signal was observed using an inverted fluorescence microscope.
The red fluorescence signal of bacteria gradually increased with
the increase of concentration (Fig. 3e), indicating that the
Cur-NRCQDs solution can enter Gram-positive and Gram-
negative bacteria. The fluorescence could not be detected in the
bacteria treated with 0.1 uM of Cur-NRCQDs, and obvious fluores-
cence could be seen only when the concentration of Cur-NRCQDs
was greater than 5 pM. The results showed that obvious bacterial
imaging can be carried out at a required concentration.

3.3. Cur-NRCQDs with good stability

Visually, NRCQDs were readily dispersed in water and appeared
as a clear homogeneous plum-red solution under normal light.
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The stability of samples stored in saline for a period of one
week was examined. The quantitative values for degradation of
NRCQDs, Cur and Cur-NRCQDs were 11%, 91% and 28%
respectively (Fig. 4a—c). Free Cur decreased significantly over
the week and changed colour from yellow to almost colourless,
indicating a high degradation rate and the very poor stability of
Cur. Compared to free Cur, Cur-NRCQDs were much more
stable, with only a slight change in colour. The stability of the
samples prepared with pure water under light was also inves-
tigated. The UV profiles of the NRCQDs showed almost no
change under continuous xenon light irradiation for 30 min
(Fig. 4d), indicating that these NRCQDs had good photostability.
Free Cur degraded rapidly under light exposure (Fig. 4e), while
Cur-NRCQDs exhibited slight colour fading after 30 min of light
exposure (Fig. 4f), indicating that a small amount of Cur was
degraded for Cur-NRCQDs. In addition, the fluorescence intensity
of NRCQDs, Cur and Cur-NRCQDs solutions were measured after
0, 10, 20, 30 and 60 min of light exposure to a xenon lamp
(Fig. 4g), respectively, and almost no change was found for
the fluorescence intensity of the NRCQDs and Cur-NRCQDs
solutions, while Cur exhibited a rapid decease in fluorescence.
These results suggest that Cur-NRCQDs have good optical
stability, which is beneficial for their subsequent antibacterial
and bioimaging applications.

3.4. Cur-NRCQDs enhance the generation of '0,

1,3-Diphenylisobenzofuran (DPBF) was used as the singlet
oxygen trap and a 405 nm laser lamp was employed as the
light source. As shown in Fig. 5a-c, the absorption peaks of
the sample solutions at 416 nm all gradually decreased
with increasing light time, implying the production of singlet
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Fig. 3 Fluorescence emission spectra of NRCQDs (a), Cur (b) and Cur-NRCQDs (c) at different excitation wavelengths. (d) Fluorescence emission
spectra of NRCQDs, Cur and Cur-NRCQDs in pure water. The excitation wavelengths were 540 nm, 420 nm and 540 nm, respectively. (e) Red
fluorescence imaging of S. aureus and E. coli with different concentrations of Cur-NRCQDs.
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oxygen. Compared to pure water and Cur, Cur-NRCQDs showed
a greater decrease in the absorption peak here (Fig. 5d), indi-
cating a greater amount and tendency to produce singlet
oxygen. Therefore, Cur-NRCQDs had the ability of PDT, which
could be used for antimicrobial treatment. Under no light, the
pure TEMP in Cur-NRCQDs was ESR silent, whereas after
irradiation, the TEMP with Cur-NRCQDs showed three lines
(1:1:1) in the ESR spectra (Fig. 5e), which is the characteristic
spectra between TEMP and '0O,, indicating that the type of free
radical that was produced by Cur-NRCQDs was mainly 'O,.

3.5. Antibacterial activity of Cur-NRCQDs

The antibacterial effect of Cur-NRCQDs was measured against
S. aureus and E. coli. Bacterial suspensions were incubated with
different concentrations (0.1, 0.5, 1, 5, 10 or up to 15 uM) of Cur
and Cur-NRCQDs solutions and counted using a plate count
method. The results proved that Cur-NRCQDs had antibacterial

1256 | J Mater. Chem. B, 2022, 10, 1250-1264

activity of PDT and the in vitro bacterial inhibitory effect of
Cur-NRCQDs on bacteria was concentration dependent. In the
absence of light irradiation, Cur had almost no antibacterial
effect, while Cur-NRCQDs showed a low antibacterial effect as
the concentration increased (Fig. 6b and f). After 10 min of
xenon irradiation, 5 and 10 uM of Cur-NRCQDs can inactivate
99% and 100% of S. aureus (Fig. 6¢), respectively, and 15 uM of
Cur-NRCQDs can kill 100% of E. coli (Fig. 6g), while the
antibacterial effect of Cur was negligible. NRCQDs also had
antibacterial activity under no light (Fig. S2, ESIt), although its
effect was significantly lower than that of Cur-NRCQDs. As a
result, the antibacterial activity of Cur-NRCQDs was better than
that of Cur, with the help of NRCQDs, in the absence of light
irradiation. These data suggest that Cur-NRCQDs with a light
irradiation effect significantly inhibited bacterial activity com-
pared to dark conditions, and that the Cur-NRCQDs had a
stronger antimicrobial effect than Cur. Meanwhile, the effect of

This journal is © The Royal Society of Chemistry 2022
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with Cur-NRCQDs (5 pM).

different light exposure time on bacterial survival was also
investigated. As shown in Fig. 6d and h, 99% of S. aureus and
E. coli can be inactivated by 4 and 5 uM of Cur-NRCQDs after
10 min of irradiation, respectively. However, the survival rates
of bacteria were not significantly different after 10 min of
irradiation, or even slightly increased. It was possible that the
maximum level of ROS production by Cur-NRCQDs exposed to
xenon light was reached, which was similar to the research
results of Yu ZH et al.®" The maximum temperature of the

This journal is © The Royal Society of Chemistry 2022

bacterial suspension did not exceed 30 °C even under xenon
light exposure for 20 min, suggesting that its excellent anti-
microbial performance was not due to the photothermal effect
(PTT), but may be attributed to the toxic ROS generated by the
PDT effect.

3.6. Exploration of antibacterial mechanisms

DAPI and PI staining tests were used to detect fluorescence to
assess the dead or alive condition of the bacteria. As shown in
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Fig. 7 Staining diagram of live and dead S. aureus in the control group and Cur-NRCQDs with or without light.

Fig. 7 and 8, the live/dead stained images of S. aureus and E. coli
in the control group showed almost no red fluorescence signal,
indicating that the bacteria were alive. In contrast, some red
fluorescence was present in the Cur-NRCQDs and the red
fluorescence of the light group was more and brighter than
that of the no-light group, indicating that bacteria were more
likely to be inactivated under light conditions, which is con-
sistent with the previous antibacterial results. Meanwhile, the
red fluorescence signal here can also be distinguished from the
red fluorescence in bacterial imaging (Fig. 3e). After treatment

1258 | J Mater. Chem. B, 2022, 10, 1250-1264

with the same concentration of Cur-NRCQDs, the red fluores-
cence brightness was relatively weak in bacterial imaging,
indicating that there was no influence between the red fluores-
cence of Cur-NRCQDs and the fluorescence of PI staining.
The morphological changes of the bacteria before and after
treatment were observed by SEM. In the control group, the
surface of S. aureus was rounded and morphologically intact
(Fig. 9a). After Cur-NRCQDs photodynamic treatment, the cell
membrane of the bacteria was destroyed, and the inclu-
sions could be seen to be visibly leaking and morphologically

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Staining diagram of live and dead E.coli in the control group and Cur-NRCQDs with or without light.

blurred (Fig. 9b). At the same time, the untreated E. coli had an
intact shape and a clear outline (Fig. 9c), whereas after Cur-
NRCQDs treatment, the E. coli had an irregular shape (Fig. 9d),
and the surface was wrinkled and damaged resulting in the
outflow of cytoplasm. This suggested that the Cur-NRCQDs
induced bacterial photoinactivation may be due to the loss of
the integrity of a biofilm structure, which in turn led to leakage
of cellular contents.®® Furthermore, the inhibition and elimina-
tion of Cur-NRCQDs on S. aureus and E. coli biofilm were
further verified by CV staining. As shown in Fig. 9e and f, the

This journal is © The Royal Society of Chemistry 2022

solution color and corresponding absorbance of the Cur-
NRCQDs + laser group were the lowest among all the groups,
indicating the efficient anti-biofilm ability of Cur-NRCQDs
under light irradiation. To further investigate the mechanism
of antibacterial activity, the production of ROS within the
treated bacteria were investigated using DCFH-DA as the probe.
As shown in Fig. 9g, there was almost no green fluorescence in
the control group, indicating that no ROS was produced.
However, green fluorescence could be seen for Cur-NRCQDs
without light, indicating the production of ROS and low dark
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toxicity of Cur-NRCQDs. The significant green fluorescence signal  produced more ROS under light irradiation. In contrast, S. aureus
seen in the PDT-treated bacteria indicated that Cur-NRCQDs showed more green fluorescence signals than E. coli, indicating
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that a lower antibacterial concentration was needed for S. aureus,
which may be due to the easier binding of the Cur-NRCQDs
surface potential to S. aureus. The values of zeta potentials of Cur-
NRCQDs, E. coli and S. aureus were 5.98, —11.3 and —19.2 mV,
respectively (Fig. 9h). The dose of Cur-NRCQDs combined with
bacteria was determined quantitatively. The drug amount of
S. aureus combined with Cur-NRCQDs was 64.3%, while that of
E. coli was 44.9%. Therefore, the surface of S. aureus absorbed
more Cur-NRCQDs than that of E. coli. It can also be speculated
that the ROS produced by Cur-NRCQDs may oxidatively disrupt
the phospholipid layer of the cell membrane, so as to effectively
inactivate bacteria.®***

3.7. Cur-NRCQDs with good cytocompatibility and imaging
action

Good cytocompatibility is fundamental to the study of bio-
imaging, as a result, the toxicity of Cur-NRCQDs toward L02
and CHL cells was tested. As shown in Fig. 10a, with the
increase of Cur-NRCQDs concentration, the cell viability
decreased only slightly, and the survival rates were higher than
80%, indicating that Cur-NRCQDs had good cytocompatibility.
Based on the good cytocompatibility and the advantage of
orange-red to NIR emission, Cur-NRCQDs can be used for
bioimaging studies. Cur-NRCQDs were co-cultured with L02
and CHL cells, respectively. In the fluorescence images in the
bright field, blue and green channels were observed using an
inverted fluorescence microscope. The results showed that Cur-
NRCQDs could penetrate the cells, accumulated in the cyto-
plasm and displayed bright red fluorescence, and the integrity
of the plasma membrane was preserved (Fig. 10b). It can be
seen from the figure that clear green fluorescence was displayed
in the cells, indicating that Cur-NRCQDs can also enhance the
green fluorescence of the cells themselves. This can be attributed
to the reason that Cur contained in Cur-NRCQDs can emit green

This journal is © The Royal Society of Chemistry 2022

fluorescence, which once again proved that Cur-NRCQDs had
entered the cells. In addition, in order to verify the intracellular
stability of Cur-NRCQDs to light in cells, the change in fluores-
cence intensity of Cur-NRCQDs under continuous xenon lamp
irradiation for 30 minutes was studied. After a light dose for
10 minutes, the red fluorescence intensity in the cells decreased
slightly, and the red fluorescence was still clear after 30 minutes
(Fig. 10c), indicating that Cur-NRCQDs showed good stability
under light irradiation and therefore can be used as a promising
bio-imaging agent.

4. Conclusion

In summary, Cur-NRCQDs with antibacterial activity and bio-
logical imaging capability were successfully synthesized in this
paper. The as-prepared Cur-NRCQDs were spherical with a
mean diameter of 3.83 nm, and showed orange-red to NIR
fluorescence. Compared with free Cur, Cur-NRCQDs have
excellent storage and light stability, and improved the efficiency
of ROS production and antibacterial effects. Cur-NRCQDs
showed excellent antibacterial effects against both Gram-
positive S. aureus and Gram-negative E. coli. SEM showed that
the cell membrane of the bacteria was significantly damaged
after administration of light, which may be because the ROS
produced by Cur-NRCQDs under PDT destroyed the integrity of
the cell membrane, resulting in leakage of the contents and
inactivation of the bacteria. In addition, Cur-NRCQDs had good
cell compatibility and red fluorescence imaging, reduced the
damage to cells and tissues, and can therefore be used as a
biological imaging agent for the detection of bacteria, cells and
tissues. Therefore, this study illustrated the effective strategy of
Cur-NRCQDs in promoting the antibacterial therapy of PDT
and fluorescence imaging diagnosis.
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